Recently a new high energy proton microscopy facility PRIOR (Proton Microscope for FAIR) has been designed, constructed and successfully commissioned at GSI Helmholtzzentrum für Schwerionenforschung (Darmstadt, Germany). As a result of the experiments with 3.5 -4.5 GeV proton beams delivered by the heavy ion synchrotron SIS-18 of GSI, 30 µm spatial and 10 ns temporal resolutions of the proton microscope have been demostrated. A new pulsed power setup for studying properties of matter under extremes has been developed for the dynamic commissioning of the PRIOR facility. This paper describes the PRIOR setup as well as the results of the first static and dynamic proton radiography experiments performed at GSI.
I. INTRODUCTION
Proton radiography or microscopy is a powerful technique for probing the interior of dense objects in dynamic experiments by mono-energetic beams of GeVenergy protons, using a special system of magnetic lenses for imaging and aberrations correction 1 . With this technique, one can measure the areal density of a thick sample with sub-percent accuracy, micrometer-level spatial resolution and nanosecond temporal scale. Proton radiography with magnetic lenses was invented in the 1990's at Los Alamos National Laboratory (LANL) as a diagnostic to study dynamic material properties under extreme pressures, densities and strain rates 2 . Since that time proton radiography and microscopy facilities have been also commissioned at the Institute for Theoretical and Experimental Physics (ITEP) 3, 4 and at the Institute for High Energy Physics (IHEP) [5] [6] [7] in Russia. The capability of radiographic imaging of dynamic systems with unprecedented spatial, temporal and density resolution is of considerable interest for plasma physics and materials research. Therefore high energy proton microscopy (HEPM) is seen as a key diagnostic for high energy density physics experiments with intense heavy ion and proton beams, which are planned at the future Facility for Anti-proton and Ion Research (FAIR) in Darmstadt, Germany 8 . The worldwide unique facility called PRIOR (Proton Microscope for FAIR) will employ highenergy (2 -5 GeV), high-intensity (up to 2.5·10 per pulse) proton beams from the SIS-100 synchrotron at FAIR for multidisciplinary research such as experiments on fundamental properties of materials in extreme dynamic environments generated by different drivers (pulsed power generators, high-energy lasers, gas guns or explosive-driven generators) prominent for warm dense matter research and high energy density physics as well as the PaNTERA (Proton Therapy and Radiography) experiment 9-12 for biophysics and medicine. This paper describes the PRIOR setup which has been recently installed and commissioned at the GSI Helmholtzzentrum für Schwerionenforschung (Darmstadt, Germany) using 3.5 -4.5 GeV proton beams delivered by the SIS-18 heavy ion synchrotron as well as recent static and dynamic experiments performed with this new HEPM facility.
II. DESIGN AND CONSTRUCTION
The ion-optical design of the PRIOR microscope 13 is analogous to the design of the 800 MeV x7 and x3 magnifying lenses at LANL 14, 15 , but for proton energies up to 4.5 GeV. The PRIOR magnifier employs high-gradient (120 T/m) NdFeB axially and radially segmented permanent magnet quadrupole (PMQ) lenses [16] [17] [18] and provides a magnification of about four with a field of view of 15 mm. The illuminating proton beam is matched to the magnifier by five upstream quadrupole electromagnets in order to cancel the second-order position-dependent chromatic aberrations of the system 19 . The mechanical design of the magnifier and its PMQ lenses is shown in Fig. 1 tics. Each magnet is installed on a motorized support table and can be independently moved along the rail for focusing. Each magnet is made out of 36 mm-long modules (see Fig. 1 ) which can be individually adjusted in x, y and θ directions for aligning the magnetic field axes and the mid-plane tilts. With the help of a precision cylindrical field scanner [21] [22] [23] , the magnetic axes and the field mid-planes of each lens have been aligned to the accuracy of ±20 µm and ±0.1
• , respectively 21 . Using the same scanner and the field reconstruction procedure 22, 23 , which has been used at ITEP for over two decades, 3D field maps of the lenses have been obtained. Similar techniques have been applied for accurate 3D magnetic field description and implemented in the ion-optical calculations 24 . A 10 cm long tungsten collimator with an elliptical aperture was installed in the Fourier plane of the magnifier (see Fig. 1 ). In order to adjust the contrast of the proton radiographs for a particular target, collimators with angular acceptances θ c of 2, 3 and 4 mrad were used during the experiments.
Although the PMQ magnifier itself has a length of 1.4 m, a long drift after the magnifier is needed to achieve the required magnification (see Fig. 2 ). Therefore the detector (image collection) system was installed in the newly constructed concrete-shielded detector hall about 9 m downstream of the target location. With a pellicle / mirror arrangement, the system employs two cameras simultaneously: a high resolution (4 Mp) CMOS camera (PCO DIMAX HS) used mainly for static experiments and a fast intensified CCD camera (PCO DICAM PRO) for dynamic measurements. 10 × 10 cm columnar CsI and plastic BC-400 scintillators were installed for static and for dynamic measurements, respectively. Preliminary experiments with 800 MeV protons performed at LANL have proven that neither CsI nor plastic scintillators show any image quality or light output degradation even for large irradiation doses (≈ 10 11 protons per cm 2 ) 21 .
III. STATIC EXPERIMENTS
The PRIOR setup has been commissioned using 3.5 -4.5 GeV proton beams from the SIS-18 synchrotron of GSI using only moderate intensity (10 8 protons per pulse) beams for the static experiments with 3.6 GeV protons. A proton transmission image (radiograph) is obtained as the ratio between the raw images taken with and without an object present under the same proton beam conditions 2 . For this purpose a "beam image" (image without an object) is always recorded shortly before or after imaging an object. The distribution of the areal density is then obtained by applying a transmission -density calibration (see Eq. (1) below). Due to the rather low beam intensity and the shot-to-shot beam position fluctuations, in order to enhance the contrast and flatten the background of the radiographs, about 20 -50 target and beam images were recorded and averaged in the PRIOR static commissioning experiments.
For tuning and measuring the performance of the PRIOR microscope, a large set of small static test objects were prepared. The targets were placed in a vacuum target chamber equipped with a precision 6-axis manipulator. The whole setup was evacuated to the 10 −3 mbar pressure in order to maintain radiographic resolution.
The most utilized targets and their proton radiographs are shown in Fig. 3 . The "fiducial plate" is a 3 mm thick copper plate with 0.5 mm holes machined at 1.5 mm spacing. It was used as a relatively thin target for quick tuning and controlling image distortions as well as for providing spatial calibration while minimizing activation and radiation in the experimental area.
The spatial resolution of the microscope has been measured using the "rolled edge" target -a 20 mm-thick tungsten slab. Two sides of this edge (marked by arrows in Fig. 3 ) are rolled with a 500 mm radius which makes the measurements insensitive to beam-target tilt misalignments of a few milliradian. The spatial resolution can be defined as the standard deviation of the derivative of the measured edge transition (line spread function, LSF). To accurately determine resolution one also needs to deconvolve the known width of the rolled edge from the measured density profile to get the blur function. However since the extent of the rolled edge itself is only a small contribution (σ edge ≈ 5 µm), for tuning and quick analysis we have fit the edge transition to an error function which provides a good estimate of the LSF root mean square (RMS) width. Figure 4 shows the horizontal and vertical edge transmission profiles along with the error function fits. These fits resulted in a horizontal resolution of σ x = 35 µm and a vertical resolution of σ y = 30 µm.
The "Maltese cross" target ( Fig. 3 , right) was used to check the matching conditions 19 required for canceling the position-dependent second-order chromatic aberrations of the microscope. The target is an elongated piece of plastic with Maltese cross like shape and 0.5 mm diameter tungsten wires glued on its back side. When an image of the wires is formed by the magnifier, the protons which were penetrating through both the plastic and the wires have a smaller energy than those which saw only the wires. If the proton beam is not properly matched to the microscope in X-or Y-plane, this difference in the energy loss will result in a slight shifting of the corre- In preparation for dynamic experiments (see Sections IV and V), static mockups of the dynamic targets (exploding tantalum and copper wires) were radiographed to determine how the PRIOR magnifier could measure the density distribution inside an expanding metallic wire. A proton radiograph of a tantalum wire array is shown in Fig. 5 . The central wire with 800 µm diameter is a mockup of the un-exploded wire for the first dynamic experiments. The transmission profiles across the wires with different diameter show that there is sufficient sensitivity and resolution to measure the areal density of the wire while it expands.
The transmission -target thickness dependency, T (z) of a proton radiography system can be described by a simple analytic model to a percent accuracy 25 :
θ(z) = 13.6 MeV βpc
The first term e −z/λ in Eq. (1a) describes the removal of the protons due to nuclear interactions in the target material with the nuclear collision length λ. The second term is due to the multiple Coulomb scattering: θ(z) is the RMS scattering angle and θ c is the angular acceptance of the magnifier defined by its collimator. Assuming a normal distribution of the multiple scattering, the θ(z) dependency can be approximated with sufficient accuracy by the Moliére theory 26 , Eq. (1b). Here p is the proton momentum, β is the proton velocity in units of the velocity of light c, and X o is the radiation length of the material. The only empirical parameter in the model Eq. (1) is the angular spread of the beam φ due to the beam emittance and overburden material (e. g. vacuum windows or air) downstream of the target which is added in quadrature to the multiple scattering angle θ(z) caused by the object, and describes a small attenuation of the beam when there is no object. To test the density sensitivity of the microscope and to obtain the transmission -target thickness calibration T (z) needed for dynamic experiments, radiographs of a series of step wedge targets were collected (see Fig. 6 ). Identical tantalum and copper step wedges were used. In order to replicate the conditions of the dynamic commissioning, the step wedge targets were placed in the middle of the dynamic explosion chamber (see sec. IV, Fig. 9 ) which was filled with water or left in air. Two collimators with θ c equal to 2 and 3 mrad were used. Fig. 6 shows that the measured transmission is in good agreement with the simple analytic model Eq. (1) . The data demonstrates a remarkable density sensitivity and proves that the PRIOR microscope can be used for radiographic density measurements. Experience with proton radiography at the pRad facility at LANL has proven that radiographing various static objects is a good way to test a new radiography configuration. Extracting the geometry of challenging objects can often test the ability to resolve detailed structure of the objects, providing an opportunity to study and image beyond rolled edges, step wedges and other calibration targets. To fill this role a few "common" objects were radiographed for this effort, and two of them are shown in Fig. 7 : small quartz and mechanical watches. The slight non-flatness of the radiographic background is due to the data averaging and shot-to-shot beam position fluctuations. The obtained proton radiographs of these objects with complex interior structures clearly demonstrate the remarkable radiographic capabilities of the PRIOR setup.
As an unfortunate result of the first PRIOR run, we have observed a continuous degradation of the image quality and spatial resolution towards the end of the experiment. This phenomenon was attributed to the radiation damage of the PMQ lenses due to large fluences of spallation neutrons which are mainly produced in the tungsten beam collimator located in a close proximity to the third magnet (Fig. 1, p. 2) as well as due to the primary protons scattered to large angles in the target and in the collimator. A significant radiation damage of neodymium-iron-boron PMQs has been also observed at LANL 27 . Because of this the 3D fields maps of all the magnets were measured after the first commissioning run. The results of the field distribution measurements have demonstrated a significant damage of the PMQs, especially of the first and the third lenses: the quadrupole strengths were reduced by 10 -13 % and the high-order field harmonics (relative sextupole, octupole and duodecapole field components) raised to the 1.5 -2.5 % level. This explains the degradation of the imaging performance of the system. We have also performed additional simulations and measurements of the PMQ radiation damage phenomenon 21, 28, 29 which confirm the results of the LANL study 27 . Unfortunately, the time between the static and dynamic PRIOR commissioning runs was not sufficient for re-magnetizing, reassembling and readjusting the lenses and we had to use the microscope in the dynamic experiments (see sec. V) in the same suboptimal state.
IV. UNDERWATER ELECTRICAL WIRE EXPLOSION

FIG. 8. Pulsed power setup for underwater electric wire explosion experiments (UEWE) installed at the HHT area of GSI.
A water filled UEWE explosion target chamber surrounded by four pulsed power generators is placed in front of the PRIOR proton microscope.
Underwater electrical wire explosion (UEWE) is an efficient method for creating and studying warm dense matter in the laboratory [30] [31] [32] . The main advantages of the UEWE are the absence of the parasitic plasma formation along the wire surface due to high electric breakdown threshold (>300 kV/cm) of the water and relatively small wire expansion velocity (10 5 cm/s). These features allow to retain high current densities in the wire (up to 10 9 A/cm 2 ) and therefore, by using a moderate pulsed power generator, one can create dense strongly coupled plasmas characterized by 10 -100 kJ/g specific energy, near-solid density and several eV temperature. The main challenge in warm dense matter experiments is the determination of plasma parameters, and especially temporally and spatially resolved measurements of the target density. High energy proton microscopy is a unique diagnostic technique to address this problem. A new pulsed power UEWE setup has been constructed for dynamic commissioning of the PRIOR microscope (Fig. 8) . The pulsed power generator (10 µF, up to 50 kV charging voltage and 12.5 kJ stored energy) consists of four modules and can drive currents of about 200 kA in amplitude and 1.8 µs rise time through a load at charging voltage of 35 -40 kV.
During the PRIOR experiments, tantalum wires (0.8 mm diameter and 40 -50 mm length) were quickly heated by a pulsed current to dense plasma conditions characterized by specific enthalpy level about 5 -15 kJ/g and ∼ km/s expansion velocities. Tantalum has been chosen for the experiments due to its high density which allows for a higher contrast of proton radiographs.
The construction of the UEWE explosion chamber and the scheme of the target diagnostics is shown in Fig. 9 . A wire is placed in the middle of the 11 cm diameter stainless steel explosion chamber which is filled with deionized water. A special effort has been taken to design water shock dampers in order to minimize the amount of material needed to separate the water-filled UEWE explosion chamber and the vacuum PRIOR beam line. The dampers (see Fig. 9 ) are 18.5 cm-long, 6.6 cm-diameter aluminum pipes containing from nine to twelve 150 µm-thick Mylar foil stacks in holders with 22 mm opening. A shock wave induced in water by an exploding wire consequently breaks the Mylar foils filling the damper pipe with water until it is completely stopped before the vacuum window of the beam line. From the explosion chamber side, the dampers are equipped with plastic insets sealed by a thin rubber. The insets allowed the reduction of the water layer thickness in the proton beam direction down to 30 mm. The current flowing through a wire I(t) and the voltage drop on the load U (t) were measured by a Rogowski coil and a resistive voltage divider, respectively. The resistance of the wire R(t) can be obtained from the following equation:
The last term in Eq. (2) gives a small correction at a 5 % level which can be applied if the wire radius r(t) is known from, e.g., optical or radiographic measurements: dL/dt ≈ µ 0 /2π · r (t)/r(t), where is the length of the wire and r (t) is its radial expansion velocity. Eq. (2) can also be used in its integral form (equation for the energy balance), and under the assumption of a constant load inductance L(t) = L 0 , the resistance of the exploding wire R(t) can be obtained by solving the following equation:
This integral equation was solved by forward substitution with subsequent smoothing of the result. The value of the load inductance L 0 was adjusted while solving Eq. (3) so that the resistivity of the wire in the beginning of the discharge is equal to the known resistivity of solid tantalum 33 . The results of electrical measurements of a typical UEWE experiment with PRIOR is shown in Fig. 10 . The plateau on the resistance signal at about 0.8 µs corresponding to the measured enthalpy of 0.5 -1 kJ/g can be attributed to the melting transition and the following rapid heating of expanding liquid tantalum. The quick rise of the resistance at 1.1 − 1.4 µs and an enthalpy in the target material of about 4 kJ/g may indicate the onset of a rapid evaporation.
In addition to the HEPM measurements with the PRIOR proton microscope (sec. V) and electrical measurements, an optical setup has been installed for target diagnostics. The optical diagnostics of the exploding wires (backlighting and thermal emission imaging) allows to determine the radius of the discharge channel as well as the velocity of the shock wave induced in water.
The setup consists of a 450-nm CWL, 4-W fiber-coupled laser diode backlighter, two fast intensified CCD cameras (PCO DICAM PRO), a streak camera (HAMAMATSU C10910) and a set of lenses, mirrors, filters and beam splitters (see Fig. 9 ). A typical streak camera record of an exploding tantalum wire with initial radius of 0.4 mm is shown in Fig. 11 , left. Shortly after the beginning of the discharge (t = 0) a sound wave (v ≈ 1.5 km/s) is launched in water by the rapidly heated and expanding wire. At the moment close to the wire explosion (fast boiling), a shock wave (v ≈ 2.3 km/s corresponding to the pressure P ≈ 9.3 kbar) is also launched and the thermal selfemission of the tantalum plasma becomes visible. At later times t > 4 µs, the discharge channel radius can be traced again by the shadowgraphy. The shock wave and the wire discharge channel were also clearly visible in the CCD images (Fig. 11, right) .
V. DYNAMIC EXPERIMENTS
After the static beam time commissioning of the PRIOR setup and off-line tests of the UEWE setup, an experimental campaign of dynamic experiments with the PRIOR microscope took place at GSI. In comparison with the previous run, the proton beam intensity was increased by more than two orders of magnitude (up to 10 11 protons per pulse) and a new beam diagnostics for high energy protons (scintillator screens and cameras) were integrated into the HHT beam line to ensure proper beam alignment and matching. Unfortunately, the shot-to-shot variations of the beam position and intensity distribution which were observed during the commissioning run with static experiments remained. The 3.6 GeV proton beam has been delivered in four ≈ 40 ns long bunches with about 150 ns inter-bunch spacing. Since the PRIOR image collection system was equipped with one fast camera, only one out of four bunches was used for the dynamic experiments.
Before the experiments with dynamic objects, a series of tests to determine the achievable temporal resolution of the microscope was conducted using a plastic scintillator (BC-400, decay time 2.4 ns) and an intensified CCD camera (PCO DICAM PRO, fast shutter down to 3 ns) in the image collection system. It has been shown that with the available proton beam intensity, one can achieve a 5 -10 ns temporal resolution without significant deterioration of the imaging properties by gating the detector while using one of the four bunches. Due to the shotto-shot instability of the beam, a 20 ns detector gate was used for the dynamic target experiments.
The dynamic PRIOR commissioning was carried out using the developed UEWE setup and 0.8 mm diameter tantalum wires. In total, about twelve successful dynamic shots with the PRIOR setup were completed. In these shots we have varied the power deposited in the wires by changing the wire length and capacitor charging voltage as well as the timing of the proton radiographs. Because of the shot-to-shot fluctuations of the beam position during the PRIOR dynamic commissioning run, the beam images could not be directly used for the processing of the dynamic radiographic data, and the information about the transverse beam intensity distribution had to be deduced from the dynamic target images themselves. The analysis of a large number of the recorded beam images has shown that the intensity distribution in the central area of the beam can be well approximated in each shot by an asymmetric Gaussian function. Using this knowledge, the transmission images were obtained by dividing the raw images by the empirical beam intensity distribution function with the function parameters fitted to the the same radiograph using the image areas which are not occupied by a target. An example of such data processing is shown in Fig. 12 for "static" (taken before shot) and "dynamic" (taken during wire explosion) proton radiographs of a UEWE experiment. Although the ultimate goal of the UEWE experiments with the PRIOR microscope was to measure the radial density distribution of an exploding wire, the significant degradation of the PRIOR spatial resolution due to the radiation damage of the PMQ lenses as well as potential imperfections of the non-standard data processing procedure did not allow achieving this goal with a sufficient accuracy. Nonetheless, it was possible to use the obtained radiographic data for determining the radii of the exploding wires by deconvolving a Gaussian resolution blur and using the static wire radiographs as a reference. A comparison of these radiographic results with the results of the optical diagnostics (see sec. IV) is shown in Fig. 13 for four shots with different levels of the peak specific power deposition and correspondingly -different expansion velocities. The error bars of the radiographic results are caused mostly by the possible uncertainties due to the data processing procedure (deconvolution of the blur and the transmission data accuracy). Despite relatively large error bars, one can see that the obtained PRIOR proton radiographic results are in reasonable agreement with the optical measurements for all dynamic UEWE experiments.
VI. SUMMARY AND OUTLOOK
As a result of a joint international effort, a new high energy proton microscopy facility has been designed, constructed and successfully commissioned at GSI. The beam time commissioning using intense 3.5 -4.5 GeV proton beams delivered by the SIS-18 synchrotron has demonstrated 30 µm spatial and 10 ns temporal resolutions with a remarkable density sensitivity. For the dynamic commissioning of the PRIOR magnifier, a new pulsed power setup for studying properties of matter under extremes has been developed and is operational at GSI.
The experiments have indicated that neodymium-ironboron PMQ lenses are not an appropriate choice for a HEPM facility with high-energy and high-intensity proton beams due to the severe radiation damage of the magnets. Although samarium-cobalt permanent magnets are known to be more radiation-tolerant 27 , they are also not the right choice for a long-term operation of the PRIOR facility at FAIR, where more than two orders of magnitude higher proton beam intensities are expected.
Therefore the final design of the PRIOR proton microscope which is called PRIOR-II employs small but strong and radiation-resistant electromagnets (60 mm aperture and 1.3 T pole tip field). The design also assumes that the PRIOR-II setup can be first fielded at the HHT area of GSI to use up to 4 GeV protons delivered by the SIS-18 synchrotron for static or dynamic experiments, and later it will be transferred without modifications to a new experimental area at FAIR to use intense 2 -5 GeV proton beams of the SIS-100 synchrotron. The new PRIOR-II facility will provide a magnification of about three at GSI and up to eight at FAIR due to a longer available drift length, with about 10 µm spatial resolution at the object.
